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Metals cannot exhibit ferroelectricity because static internal electric fields are screened by 
conduction electrons
1
, but in 1965, Anderson and Blount predicted the possibility of a 
ferroelectric metal, in which a ferroelectric-like structural transition occurs in the metallic state
2
. 
Up to now, no clear example of such a material has been identified. Here we report on a 
centrosymmetric (R-3c) to non-centrosymmetric (R3c) transition in metallic LiOsO3 that is 
structurally equivalent to the ferroelectric transition of LiNbO3 (ref. 3). The transition involves a 
continuous shift in the mean position of Li
+
 ions on cooling below 140K. Its discovery realizes the 
scenario described in ref. 2, and establishes a new class of materials whose properties may differ 
from those of normal metals.  
The phase transition considered by Anderson and Blount is a continuous structural transition in the 
metallic state which must be accompanied by the appearance of a polar axis, and the disappearance of 
an inversion centre
2
. To the best of our knowledge, transitions satisfying all of these requirements have 
not been reported. Initially, several A15-type superconductors, including V3Si and Nb3Sn, were 
suggested to be ferroelectric metals in the sense of ref. 2, but detailed studies showed the structural 
transitions to be either weakly first order in the strain or electronically driven
4,5
. In the last decade, a 
pyrochlore Cd2Re2O7 with an unusual structural transition in its metallic state at a temperature of 200 K 
(refs. 6,7) was suspected to exhibit Anderson and Blount-type metallic ferroelectricity, but a unique 
polar axis could not be identified and it was concluded that the transition is better described as a 
piezoelectric transition. Very recently, a reduced titanium oxide BaTiO3- was claimed to display a 
ferroelectric-like distortion in its metallic state
8
.  A neutron diffraction study concluded, however, that 
the ferroelectric ordering and metallic conduction occur in two distinct phases which do not coexist 
3 
microscopically
9
.  
We found that the high-pressure-synthesized material LiOsO3 (see Supplementary Information) 
shows a structural transition at a temperature Ts = 140 K. The room-temperature crystal structure of 
LiOsO3 was initially examined using powder X-ray diffraction (XRD). The Goldschmidt diagram 
predicts that LiOsO3 crystallizes into a LiNbO3-type structure
3,10
, and a preliminary refinement of the 
structure was carried out in the R-3c space group with Os at the 6b site 0,0,0 and O at the 18e site 
x,0,1/4. To investigate the position of the Li ion we turned to neutron diffraction, which is much more 
sensitive to Li than XRD. The neutron diffraction patterns collected above Ts could be successfully 
described in the R-3c space group, in agreement with the XRD refinement, with the Li ion at the 6a 
position 0,0,1/4. Atomic absorption spectrometry (see Supplementary Information) indicated that the 
average Li mass was 2.77%, which corresponds to the composition Li0.98OsO3. We have used the 
stoichiometric composition throughout the structural analysis. The refinement indicated highly 
anisotropic thermal displacements of the Li ions with considerable extension along the c-axis (Table 1 
and Fig. 1), which might indicate that the Li ions are distributed equally among equivalent 12c sites 
0,0,z and 0,0,1/2–z either side of the oxygen layer at z = 1/4, as reported for LiNbO3 and LiTaO3 (refs 3, 
11). 
The thermal variation of the structure of LiOsO3 was studied by neutron diffraction for temperatures 
between 10 and 300 K. Figure 1a–d shows structural data obtained from refinements in the R-3c space 
group. The lattice parameters (Fig. 1a) decrease uniformly from 300 K until Ts = 140 K, below which 
the parameter c increases and a decreases with only a small variation in the unit-cell volume. Just below 
Ts, the non-symmetry-breaking strain components exx + eyy and ezz vary almost linearly (Fig. 1b). These 
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results show that the phase transition is continuous and the strain components behave like a secondary 
order parameter coupled to a primary one via a linear–quadratic free energy invariant12. The primary 
order parameter must necessarily be symmetry-breaking according to Landau’s theory of second-order 
phase transitions
12
. Furthermore, the anisotropic thermal parameter 33, which describes Li 
displacements along the c-axis, increases markedly below Ts (Fig. 1c). This indicates that the primary 
structural instability involves the position of the Li ions along the c-axis (Fig. 1d). 
Given that the phase transition involves a change in symmetry, we find from representation theory
13
 
that there are three isotropy subgroups, R-3, R32 and R3c, which maintain the translational invariance of 
the R-3c space group and allow the transition to be continuous. These space groups were tested by 
refinement against the neutron diffraction data at 10 K. Note that R-3 and R32 should generate 
additional reflections below Ts which were not observed in the experiment. The refinement in the 
non-centrosymmetric R3c space group gave the best description of the data (see Table 2 and Fig. 1e). A 
notable difference between the structures at 10 and 300 K is a shift in the mean position of the Li ion of 
almost 0.5 Å along the c-axis (Tables 1 and 2). 
To confirm the loss of inversion symmetry below Ts, we performed convergent-beam electron 
diffraction (CBED) on crystals of LiOsO3 at room temperature and at 90 K. CBED is able to detect  
loss of inversion symmetry because, unlike with kinematic diffraction techniques, Friedel’s law is not 
applicable in CBED owing to strong multiple diffraction effects
14
. Details of the method are provided in 
the Supplementary Information, and the main results are shown in Figs. 2a–d. The projection of the 
room-temperature CBED pattern taken along the [120] zone axis clearly displays mirror symmetries 
parallel and perpendicular to the c*-axis (Fig. 2a), in good agreement with a simulation for the R-3c 
5 
structure (Fig. 2c). Thus, the room-temperature structure is unquestionably centrosymmetric. In contrast, 
the mirror plane perpendicular to c* is absent at 90 K, both in the data (Fig. 2b) and simulation for the 
R3c model (Fig. 2d), which confirms that the 90 K structure is non-centrosymmetric. The neutron 
diffraction and CBED results show conclusively that the inversion center disappears upon cooling 
through Ts and indicate that the c-axis corresponds to a polar axis. The structural features at Ts are 
completely analogous to those of the isostructural ferroelectrics LiNbO3 and LiTaO3 at their 
ferroelectric transition temperatures Tc (refs. 3, 11).   
The electronic density of states (DOS) of LiOsO3 was calculated by a first principles method using 
the experimental lattice parameters and atomic coordinates and indicated that the ground state is 
metallic in nature (Supplementary Fig. S2). In fact, the electrical resistivity () measured on a single 
crystal showed metallic character over the whole temperature range studied (Fig. 3c). Interestingly, the 
DOS structures calculated for the R-3c and R3c models are almost indistinguishable. The electron 
transport, however, is clearly influenced by the structural phase transition with a marked anomaly in  
appearing at Ts (Fig. 3c). Above Ts,  is nearly temperature independent, and this is highly indicative of 
incoherent charge transport due to disorder scattering of conducting charges
15
, which can probably be 
attributed to the Li disorder in the R-3c structure. Below Ts, a Fermi liquid-like feature appears, 
suggesting that disorder scattering is reduced by the ordering of Li. The residual resistivity is more than 
one order of magnitude greater than that expected for a normal metal, implying that defect and domain 
scattering are substantial, regardless of the Li ordering. Nevertheless, the main features of the –T 
relationship agree well with the centrosymmetric (R-3c) to non-centrosymmetric (R3c) transition on 
cooling.  
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Structural transitions involving strain are usually discontinuous unless they are driven by a 
symmetry-breaking primary order parameter
2
. A possible driver for the structural transition could be 
magnetic ordering. If localized magnetic moments were involved then this could also provide an 
alternative explanation for the resistivity behaviour. The magnetic susceptibility at Ts is ~2.7 × 10
-4
 
e.m.u. Oe
-1
 mol
-1
, and is only weakly temperature dependent above Ts (Fig. 3b). The calculated 
electronic DOS at the Fermi energy corresponds to  ≈ 9.3 × 10-5 e.m.u. Oe-1 mol-1, indicating that  is 
enhanced compared with the ordinary Pauli paramagnetism. Below Ts, Curie–Weiss-like behaviour is 
observed, indicating more localized paramagnetic character. The statistical quality of the neutron 
diffraction patterns is such that we would expect to observe magnetic Bragg peaks from any long-range 
magnetic order with an ordered moment of ~0.2µB or greater. We could not detect any such new Bragg 
peaks below Ts, and neither was there any anomaly at Ts in the integrated background at large d-spacing. 
Taking the susceptibility and neutron diffraction data together, we find no evidence that magnetic order 
accompanies the structural transition.  
The specific heat Cp displays a broad peak near Ts (Fig. 3a), indicating a second-order phase 
transition. To estimate the transition entropy, S, we fitted a polynomial function using a linear 
least-squares method to Cp(T) between 20 and 300 K, excluding the transition region (solid curve in Fig. 
3a). By subtracting Cfit(T) from the data and integrating (Cp – Cfit)/T we estimate S to be 0.34R (inset 
to Fig. 3a), where R is the universal gas constant. This is about half the value R ln 2 expected for a 
two-site order–disorder transition of the Li ions. The discrepancy could be due to errors in the estimate 
of the Cp background, or to residual disorder of the Li ions. In the presence of a magnetic field of 70 
kOe, the Cp peak changed only slightly, indicating that the entropy is mostly removed by the structural 
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transition. At temperatures below 20 K, a fit to the approximate Debye model Cp(T)/T = T
2
 +  yielded 
 = 7.7(2) mJ mol-1 K-2 for the Sommerfeld coefficient in zero field, which compares with  = 6.8 mJ 
mol
-1
 K
-2
 from the calculated DOS (Supplementary Fig. S2). In a field of 70 kOe the experimental value 
for  increases slightly to 9.38(8) mJ mol-1 K-2, while the value of  remains virtually unchanged.  
The absence of magnetic features in the transport, neutron diffraction and calorimetric data 
indicates that LiOsO3 behaves as a normal metal without significant electronic correlations. Hence, the 
continuous structural transition at 140 K is unlikely to be driven by collective electron dynamics. 
Moreover, because the octahedrally-coordinated pentavalent Os ion is not Jahn–Teller active, the 
structural transition is also unlikely to be attributable to a Jahn–Teller distortion. The structural 
transition of LiOsO3 is very different from that of the isoelectronic compound NaOsO3, which has 
strong spin–orbit coupling and exhibits a metal–insulator transition accompanied by antiferromagnetic 
order at 410 K (ref. 16). The properties of LiOsO3 also contrast with those of metallic Cd2Re2O7, which 
has strong electronic correlations
17,18
 and a possible spin polaron state
19
 that could be relevant to the 
piezoelectric-like structural transition at 200 K in Cd2Re2O7 (ref. 6). 
On the other hand, our results show that the transition in LiOsO3 is structurally equivalent to those 
in LiNbO3 and LiTaO3, two technologically important and extensively studied ferroelectrics
3,11,20–23
. 
This is very surprising because the ferroelectric-like transition in LiOsO3 occurs in the metallic state, 
and the mechanisms for structural transitions in metals and insulators are not normally the same. The 
metallic and magnetic properties of LiOsO3 indicate that the transition is unlikely to be caused by any 
collective electron dynamics, while the structural data provide compelling evidence that the transition 
mechanism in LiOsO3 is the same as that in other LiNbO3-type ferroelectric materials, most likely 
8 
driven by a displacive or order–disorder process involving a shift in the mean positions of the Li atoms 
along the c-axis by almost 0.5 Å. As the phase transition in LiOsO3 occurs at an easily accessible 
temperature it could offer a route to elucidate the still-uncertain phase transition mechanism in LiNbO3 
and LiTaO3 whose ferroelectric transition temperatures are much higher (Tc = 1480 K and 940 K, 
respectively) and therefore difficult to study.  
LiOsO3 is thus identified here as an example of a ferroelectric metal, whose existence was first 
envisaged half a century ago
2
 and has now been confirmed. It is possible that materials in this class 
could display some interesting physical properties. For example, the existence of ferroelectric-like soft 
phonons could stabilise non-centrosymmetric superconductivity at enhanced temperatures
24
. 
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Figure 1 | Temperature variation of the structural properties of LiOsO3 from Rietveld analysis of 
neutron diffraction data. a, Temperature dependence of the lattice parameters through the structural 
transition at Ts = 140 K. The lattice parameters and unit cell volume are normalized to their values at 300 
K. b, Strain components exx + eyy and ezz for temperatures just below Ts. The error bars are derived from 
the statistical errors calculated by the Rietveld refinement program FullProf. c, Temperature dependence 
of the anisotropic thermal parameter 33, which describes Li displacements along the c-axis. d, 
High-temperature centrosymmetric crystal structure of LiOsO3 showing the anisotropic Li displacements 
(predominantly along the c-axis) as 50% probability ellipsoids. e, Observed (red circles) and calculated 
(black line) neutron powder diffraction intensities of LiOsO3 at 10 K. The blue trace below the data 
shows the difference between the observed and calculated profiles. The refinements were carried out in 
the R-3c space group in a–d, and in R3c in e.
14 
 
 
Figure 2 | Experimental and simulated CBED patterns for LiOsO3 taken along the [120] zone axis. 
a, b, Measurements made at room temperature (a), and 90 K (b). c, d, Corresponding simulated CBED 
patterns for a specimen thickness of 73 nm using the centrosymmetric model (R-3c) (c) and the 
non-centrosymmetric model (R3c) (d). An arrow or arrowhead indicates the absence or presence of 
mirror symmetry perpendicular to the c* axis.  
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Figure 3 | Temperature variation of the electrical, magnetic and calorimetric properties of LiOsO3. 
a, The heat capacity Cp of a polycrystalline pellet (of mass 7.5 mg). The green line is a fit made to the 
data outside the transition region. The inset shows the heat capacity in the transition region corrected for 
the fitted background together with an estimate of the transition entropy obtained by integrating (Cp – 
Cfit)/T. b, The zero-field cooled (ZFC) and field-cooled (FC) magnetic susceptibility  of a powder 
sample (of mass 138 mg) in a measuring field of 50 kOe. c, The resistivity  measured on a single crystal. 
Red and blue symbols and arrows indicare data recorded while heating and cooling, respectively. The red 
vertical dashed line indicates Ts. 
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Table 1. Structural parameters of LiOsO3 refined from neutron diffraction data collected at 300K  
 
Atom Wyckoff site x y z Biso (Å
2) ij 
Li 6a 0 0 0.25 - 11=22=212=0.007(4) 
33=0.039(2) 
Os 6b 0 0 0 0.93(4) - 
O 18e 0.6298(2) 0 0.25 1.2(4) - 
 
Space group R-3c (No. 167); cell parameters a = 5.06379(5) Å, c = 13.2110(2) Å; V = 293.371(6) Å
3
; 
RBragg = 4.42%; thermal displacements of the Os and O atoms are described with an isotropic 
displacement parameter Biso, whereas the Li displacements are refined with anisotropic displacement 
parameters ij. Numbers in parentheses are fitting errors in the last digit. 
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Table 2. Structural parameters of LiOsO3 refined from neutron diffraction data collected at 10 K  
 
Atom Wyckoff site x y z Biso (Å
2) 
Li 6a 0 0 0.2147(6) 1.9(2) 
Os 6a 0 0 0 0.79(4) 
O 18b 0.6260(5) –0.0102(9) 0.2525(6) 0.96(4) 
 
Space group, R3c (No. 161); cell parameters a = 5.04556(5) Å, c = 13.2390(2) Å; V = 291.880(6) Å
3
; 
RBragg = 4.51%; isotropic displacement parameters are used for all atoms. Numbers in parentheses are 
fitting errors in the last digit. 
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1. Preparation and characterization of materials  
Polycrystalline and single-crystal LiOsO3 were prepared by solid-state reaction under high pressure 
from a mixture of Li2O (97%, Aldrich), OsO2 (Os-84.0%, Alfa Aesar), and LiClO4 (99.99%, Aldrich) in 
the molar ratio Li2O/OsO2/LiClO4 = 0.5:1:0.125. The mixture was placed in a platinum capsule (6.9 mm 
in diameter and ~5 mm in height) and maintained at a pressure of 6 GPa in a belt-type high-pressure 
apparatus and at a temperature of 1200 °C for 1 hour (polycrystals) or 1600 C for 5 hours (single 
crystals). LiClO4 probably decomposed to LiCl and O2 at the elevated temperature; LiCl may help the 
growth of crystals as a flux under these conditions, as well as the small temperature gradient (T < ~50 
K) in the capsule. After heating, the capsule was quenched to room temperature within a few seconds 
before the pressure was released.  
We investigated the crystal structure of a single crystal of LiOsO3 (inset, Fig. 1) by XRD. The 
crystal was mounted on the edge of a fine glass fiber, which was fixed in a diffractometer equipped with 
an area detector (SMART APEX, Bruker). The analysis failed, however, because of complex diffraction 
spots, which were likely caused by domain structures rather than the lattice. More than 10 attempts with 
different crystals were made, but a completely satisfactory result was not obtained.  
Instead, we conducted a Rietveld analysis on the powder XRD pattern obtained from 
polycrystalline LiOsO3 (Fig. S1 and Table S1). We used monochromatic Cu-K radiation ( = 1.5418 
Å) in a 2 range from 20º to 130º, and the software JANA2006 1 to analyze the pattern. The 
March-Dollase formula was used to correct for preferred-orientation effects.
2
 Crystal structure 
visualization was achieved using the software VESTA.
3
   
 In order to measure the net Li content, the polycrystalline LiOsO3 was washed well in water and 
studied in an atomic absorption spectrometer (Varian Spectra, AA20). We used a Li standard solution 
(Kanto Chemical Co.) as a reference. The average Li content was 2.77%, which corresponds to the 
composition Li0.98OsO3.  
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Figure S1 Rietveld analysis of the room temperature XRD profile of LiOsO3. Small crosses 
and the solid curve show the observed and calculated profiles, respectively. The difference between the 
two is shown in blue near the bottom. Vertical ticks indicate Bragg reflections expected for LiOsO3 
(lower) and OsO2 (upper). (Inset) Photograph of a selected flux-grown LiOsO3.  
 
We measured the electrical resistivity of a single crystal of LiOsO3 between temperatures of 2 K and 
300 K using a four-probe technique with a gauge current of 1 mA on warming and cooling. 
DC-magnetic susceptibility of the polycrystalline LiOsO3 (138 mg) was measured using a commercial 
instrument (Magnetic Properties Measurement System, Quantum Design) between 2 K and 400 K with 
an applied magnetic field of 50 kOe. The powder was loosely gathered in a sample holder and cooled to 
2 K. The magnetic field was then applied to the sample, followed by warming to 400 K (zero-field 
cooling) and cooling to 2 K (field cooling).  
The temperature and magnetic-field dependence of Cp of LiOsO3 were measured at temperatures 
between 3 K and 300 K by a quasi-adiabatic method in a commercial instrument (Physical Properties 
Measurements System, Quantum Design). A dense pellet of polycrystalline LiOsO3 (7.5 mg) was 
prepared at 6 GPa in a high-pressure apparatus without heating.  
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Table S1  Interatomic distances and bond angles in LiOsO3.  
 
Bond  Bond length (Å)  Bond  Bond angle (degree) 
Os-O
i
×2 1.9181(7)  Os-O
i
-Os  145.5(4) 
Os-O
ii
×2 1.918(2)  O
i
-Os-O 
ii
  89.72(12) 
Os-O
iii
×2 1.918(6)  O
i
-Os-O
iii
  89.7(2) 
Average  1.918   O
ii
-Os-O
iii
  90.3(2) 
Effective coordination number 
a
: 6.00 
BVS 
b
  5.24 
 
Li-O
iv
  1.988(4)  O
iv
-Li-O
v
  117.9(3) 
Li-O
v
  1.988(4)  O
iv
-Li-O
vi 
 117.9(4) 
Li-O
vi
  1.988(9)  O
v
-Li-O
vi
  117.9(4) 
Li-O
vii
  2.47(2) 
Li-O
viii
  2.47(2) 
Li-O
ix
  2.47(2) 
Average  2.23 
Effective coordination number: 3.54 
BVS  0.928 (Li) 
Li-Li 
c
  0.58(4) 
Symmetry codes: (i) x, y, z; (ii) y, –x + y, –z; (iii) x – y, x, –z; (iv) x – y + 2/3, x + 1/3, –z + 1/3;  
(v) y + 2/3, –x + y + 1/3, –z + 1/3; (vi) –x + 2/3, –y + 1/3, –z + 1/3; (vii) x – y, –y, –z + 1/2;  
(viii) –x, –x + y, –z + 1/2; (ix) y, x, –z + 1/2  
a
 Ref. 5  
b
 Bond valence sums. 
 
c
 Intersite distance 
 
 
2. Neutron diffraction  
Neutron diffraction data were collected on the WISH time-of-flight diffractometer
5
 at the ISIS 
Facility of the Rutherford Appleton Laboratory, UK. A powder sample of mass 4 g was loaded into a 6 
mm diameter vanadium cylinder mounted on a closed-cycle refrigerator, and measured on warming 
between 10 K and 300 K in 5 K steps. The Rietveld refinement of the crystal structure was performed 
using FullProf
6
 against data measured in detector banks at average 2θ values of 58o, 90o, 122o and 154o, 
each covering 32
o
 of the scattering plane. There were no detectable impurity peaks in the patterns. 
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3. Convergent beam electron diffraction (CBED) 
The CBED method has been established as the most powerful technique for determining crystal 
symmetries of specimens with areas of a few nanometers in diameter owing to the nanometer-size 
electron probe employed and the strong dynamical diffraction (multiple diffraction) effect.
7–9
 In 
particular, it is frequently used to analyze the electrostatic potential in ferroelectric materials. CBED 
experiments were performed using a transmission electron microscope (JEM-2010FEF) equipped with 
an energy-filter, which is very effective for reducing the background intensities of inelastically scattered 
electrons. CBED patterns were obtained from defect-free single domain areas of a few nm in diameter at 
an accelerating voltage of 100 kV with an acceptance energy width of approximately 10 eV.  
Simulations of CBED patterns were performed on the basis of the many-beam Bloch-wave 
dynamical diffraction theory using the software MBFIT developed by Tsuda and Tanaka.
10,11
 Both 
zeroth-order Laue zone (ZOLZ) and higher-order Laue zone (HOLZ) reflections were accounted for in 
the simulations. The direction of polarization can be determined by comparing experimental patterns 
with simulated ones.  
All possible symmetries appearing in the CBED patterns were tabulated by Buxton et al. for all 32 
point groups.
7
 CBED patterns of the ZOLZ reflections, as shown in Figs. 2a and 2b of the main article, 
contain broad patterns due to ZOLZ reflections and fine lines caused by interactions with the HOLZ 
reflections. The broad patterns exhibit the symmetry elements of the specimen projected along the zone 
axis, which are called projection symmetries and could be higher symmetries than those of the patterns 
including fine lines. In the [120] CBED patterns shown in Figs. 2a and 2b, it is deduced from the 
Buxton’s table that the projection symmetry is expected to be 2mm for the centrosymmetric space group 
of R-3c, and m (parallel to the c
*
-axis) for the non-centrosymmetric space group of R3c. Thus, these two 
space groups can be distinguished from the projection symmetry. It is noted that the full symmetry, 
including fine-line patterns, is m (parallel to the c
*
-axis) for both the R-3c and R3c space groups.   
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4. Electronic structure 
The electronic structure of LiOsO3 was calculated within the generalized gradient approximation
12
 
of density functional theory. We used the WIEN2k program
13
 , which is based on the full-potential 
augmented plane-wave (APW) methods. The spin-orbit interaction is included as a perturbation to the 
scalar-relativistic equations. The cut-off wave vector K for APW basis sets was chosen as RK = 8, 
where R is smallest muffin-tin radius, i.e., 1.6 (a.u.) for oxygen atoms. The integration over the 
Brillouin zone was approximated by a tetrahedron method with 182 k-points in an irreducible zone. 
 
 
Figure S2 Total and partial densities of states (DOS) for LiOsO3. The vertical dotted line 
indicates the Fermi energy. 
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